The masses and decay widths of charmonium states are studied in strong magnetic fields. The mixing between the pseudoscalar and vector charmonium states at rest is observed to lead to appreciable negative (positive) shifts in the masses of the pseudoscalar (longitudinal component of the vector) charmonium states in vacuum/hadronic medium in the presence of strong magnetic fields. The pseudoscalar and vector charmonium masses in the hadronic medium, calculated in an effective chiral model from the medium changes of a scalar dilaton field, have additional significant modifications in the hadronic medium due to the mixing effects. The partial decay widths of the vector charmonium state to DD in the presence of strong magnetic fields are investigated, using a field theoretical model for composite hadrons with quark/antiquark constituents. The masses of the D andD mesons in the magnetized matter are calculated from their interactions with the nucleons and the scalar mesons within the chiral effective model. The effects of the mixing are observed to lead to significant contributions to the masses of the pseusoscalar and vector charmonium states, and are observed to lead to appreciable increase in the decay width ψ(3770) → DD, at large values of the magnetic fields. These studies should have observable consequences on the dilepton spectra, as well as on the production of the open charm mesons and the charmonium states in ultra relativistic heavy ion collision experiments.
I. INTRODUCTION
The study of properties of hadrons under extreme conditions, e,g, high temperatures and/or densities is a topic of intense research in strong interaction physics. This is due to its relevance in the ultra relativistic heavy ion collision experiments at various high energy particle accelerators, as well as in the study of the bulk matter of astrophysical objects, e.g., neutron stars. In the recent past, there has been a lot of studies on the in-medium properties of the heavy flavour mesons [1] , as these can have observable consequences in high energy heavy ion collision experiments. The heavy quarkonium (charmonium and bottomonium) states have been studied using the potential models [2] [3] [4] [5] [6] , QCD sum rule approach [7] [8] [9] [10] , the Quark Meson cooupling (QMC) model [11] , coupled channel approach [12] , and a chiral effective model [13, 14] . The heavy quarkonium (charmonium and bottomonium) state in the presence of a gluon field has been studied in Refs. [15] [16] [17] . Assuming the heavy quark (Q) and antiquark (Q) in the quarkonium state to be bound by color Coulomb potential, and the QQ separation to be small compared to the scale of the gluonic fluctuations, the mass shift in the quarkonium state in the leading order is observed to be proportional to to the medium modifications of the scalar gluon condensate. Using the leading order formula and the linear density approximation for the gluon condensate in the nuclear medium, the mass modifications of the charmonium states have been studied in Ref. [18] . The in-medium masses of the charmonium states have been computed within a chiral effective model [13, 14] , from the medium change of a dilaton scalar field, which simulates the gluon condensate within the hadronic model.
The magnetic fields created in non-central ultra relativistic heavy ion collision experiments,
have been estimated to be huge, e.g., eB ∼ 2m 2 π at Relativistic Heavy Ion Collider (RHIC) at BNL and eB ∼ 15m 2 π at Large Hadron Collider (LHC) at CERN [19] . This has led to a lot of work on the study of effects of strong magnetic fields on the properties of the hadrons. The strong magnetic fields produced in the high energy heavy ion collisons rapidly drop after the collision. This leads to induced currents, which slow down the decrease in the magnetic field.
The time evolution of the magnetic field [19] is still an open question, and needs the solutions of the magnetohydrodynamic equations, with a proper estimate of the electrical conductivity of the medium. In the near central collisions, the impact parameter is small, the magnetic field produced is weak and the created medium is dense. On the other hand, strong magnetic feilds are created in the peripheral ultra relativistic heavy ion collisions and the formed medium has low density. The effects of the magnetic fields on the heavy quarkonium (charmonium and bottomonium) states can have observable consequnces as these are formed in heavy ion collisions at the early stage, when the magnetic fields can still be large. The open charm mesons [20] [21] [22] [23] as well as the charmonium states [24] [25] [26] have been studied in the presence of magnetic fields. There is mixing of the pseudoscalar and vector mesons in the presence of magnetic fields, which modifies the properties of the charmonium states [25] [26] [27] [28] . The masses of the charmonium states in the presence of magnetic fields have been studied in a consistent manner using QCD sum rule approach, incorporating the mixing of the pseudoscalar and vector charmonium states in the hadorn spectral function on the phenomenological side, as well as, including the effects of magnetic field on the OPE (operator product expansion) side [25, 26] . The QCD sum rule approach [25, 26] , as well as, a study of the charm-anticharm bound state described by an effective potential and solving the Schrodinger equation in the presence of an external magnetic field [27] show that the charmonium masses have dominant contributions from the mixing effects. A study of the mixing effects on the formation time of the charmonia are observed to lead to delayed (faster) formation time of the vector (pesudoscalar) charmonium states [28] . The J/ψ − η c as well as ψ ′ − η ′ c mixings and the faster formation time of the pseudoscalar mesons, might show as peaks in the dilepton spectra, due to 'anomalous' decay modes, e.g., η c , η ′ c → l + l − and can act as a probe of the existence of strong magnetic field at the early stage [28] .
The masses of vector charmonium states in a (magnetized) hadronic medium have been studied using a chiral effective model [13, 14, 24] . These are calculated from the medium modification of a scalar dilaton field which mimics the gluon condensates of QCD in the effective hadronic model. Within the chiral effective model, the modifications of the masses of the open charm (D,D) mesons in the (magnetized) hadronic medium arise from their interactions with the baryons and scalar mesons, and have been studied in Refs. [13, 14, 23] . The in-medium decay widths of the vector charmonium states to DD have been computed from the mass modifications of the D,D and charmonium states in Refs. [13, 14, 29, 30] using a light quark pair creation model, namely the 3 P 0 model [31, 32] , as well as using a field theoretical model with composite hadrons with quark/antiquark constituents [33] . In the present work, the masses of the pseudoscalar (η c ≡ η c (1S) and η ′ c ≡ η c (2S)) as well as the vector charmonium states (J/ψ, ψ(2S) ≡ ψ(3686) and ψ(1D) ≡ ψ(3770)) are computed from the medium changes of the scalar dilaton field within the chiral effective model, with additional contributions from the mixing of the pseudoscalar and the vector charmonium states in the presence of strong magnetic fields.
The mixing is observed to lead to significant modifications to these charmonium masses. The decay widths of the charmonium states to the open charm mesons (DD) are computed using a field theoretical model with composite hadrons with quark/antiquark constituents [33] .
The outline of the paper is as follows. In section II, we describe briefly the chiral effective model used to compute the masses of the (pseudoscalar and vector) charmonium states as well as the open charm meson masses in the magnetized matter. In the presence of a magnetic field, the mixings between the pseudoscalar and the vector mesons are taken into account through an effective hadronic interaction. In section III, we describe briefly the field theoretical model with composite hadrons with quark/antiquark constituents, used in the present work to compute the partial decay widths of the charmonium states to DD in magnetized hadronic matter.
In section IV, we discuss the results obtained in the present investigation of the charmonium masses as well as charmonium decay widths, accounting for the mixing of the pseudoscalar and vector charmonium states in the presence of strong magnetic fields. In section V, we summarize the findings of the present study.
II. CHARMONIUM MASSES IN STRONG MAGNETIC FIELDS
In this section, we investigate the mass modifications of the vector and pseudoscalar charmonium masses in the presence of strong magnetic fields. The masses of these heavy quarkantiquark bound states are calculated in the magnetized nuclear matter from the in-medium gluon condensates, which are simulated by a scalar dilaton field within a chiral effective model.
The mixing of the pseudoscalar and vector charmonium states in the presence of an external magnetic field is studied using an effective Lagrangian interaction term [26] and is observed to be the dominant contribution to the mass shifts for these charmonium states.
The Lagrangian density of the chiral effective model, in the presence of magnetic field, is given as [34] 
where, L kin corresponds to the kinetic energy terms of the baryons and the mesons, L BW contains the interactions of the baryons with the meson, W (scalar, pseudoscalar, vector, axialvector meson), L vec describes the dynamical mass generation of the vector mesons via couplings to the scalar fields and contains additionally quartic self-interactions of the vector fields, L 0 contains the meson-meson interaction terms, L scalebreak is a scale invariance breaking logarithmic potential given in terms of a scalar dilaton field, χ and L SB describes the explicit chiral symmetry breaking. The term L Bγ mag , describes the interacion of the baryons with the electromagnetic field, which includes a tensorial interaction ∼ψ i σ µν F µν ψ i , whose coefficients account for the anomalous magnetic moments of the baryons [23] .
The trace of the energy momentum tnesor of QCD is equated to that of the chiral effective model to obtain a relation between the scalar gluon condensate, αs π G a µν G µνa and the dilaton field, χ of the the scale breaking term L scalebreak . The in-medium masses of the charmonium states are hence obtained from the medium changes of the dilaton field. The dilaton field, χ is solved along with the scalar fields (non-strange scalar-isoscalar, field σ, non-strange scalar isovector, δ, the strange field ζ) in the magnetized hadronic matter, from the coupled equations of motion of these fields. The values of the scalar fields are used to obtain the in-medium masses of the D andD mesons as well as the charmonium states [23, 24, 30] .
The mass shifts of the (pseudoscalar and vector) charmonium states, computed from the medium change of the dilaton field calculated within the chiral effective model are given as [13, 14] ∆m P,V = 4 81
where | ∂ψ( k)
In the above, ψ( k) are the wave functions of the charmonium states, assumed to be harmonic oscillator wave functions [13, 14, 18] in the present study.
The mixings of the pseudoscalar (P ≡ η c (1S), η c (2S)) and vector (V ≡ J/ψ, ψ(2S), ψ(1D)) charmonium states are taken into account through the interaction [26] 
where m av = (m V + m P )/2, m P and m V are the masses for the pseudoscalar and vector charmonium states. In the hadronic medium, these masses are calculated from the medium modification of the dilaton field, using equation (2) within the chiral effective model. In equation (4), the coupling parameter g P V is fitted from the observed radiative decay width Γ(V → P + γ),
given as
In the above, p cm is the magnitude of the center of mass momentum in the final state given as
The masses of the pseudoscalar and the longitudinal component of the vector mesons including the mixing effects are given by
where
The effective Lagrangian term given by equation (4) has been observed to lead to the mass modifications of the longitudinal J/ψ and η c due to magnetic field, which agree remarkably with the study of these charmonium states using QCD sum rule approach incorporating the mixing effects [25, 26] .
We shall investigate the decay widths of the vector charmonium states to DD in the presence of magnetic fields, from the mass modifications of these charmonium states and the open charm mesons in the magnetized nuclear matter. The D andD meson masses are calculated within the chiral effective model from their interactions with the nucleons and scalar mesons in the magnetized nuclear matter. The lowest Landau level contributions are retained for the charged D andD mesons in the presence of the external magnetic field. These decay widths are calculated using a field theoretical model of composite hadrons with quark/antiquark constituents as described in the following section.
III. DECAY WIDTHS OF CHARMONIUM STATES TO DD WITHIN A MODEL FOR COMPOSITE HADRONS
We investigate the charmonium decay widths to the open charm (D andD) mesons in nuclear matter in the presence of strong magnetic fields using a field theoretical model with composite hadrons [35] [36] [37] . The model describes the hadrons comprising of quark and antiquark constituents. The constituent quark field operators of the hadron in motion are constructed from the constituent quark field operators of the hadron at rest, by a Lorentz boosting. Similar to the MIT bag model [38] , where the quarks (antiquarks) occupy specific energy levels inside the hadron, it is assumed in the present model for the composite hadrons that the quark/antiquark constituents carry fractions of the mass (energy) of the hadron at rest (in motion) [35, 36] .
With explicit constructions of the charmonium state and the open charm mesons, the decay width is calculated using the light quark antiquark pair creation term of the free Dirac Hamiltonian for constituent quark field [33] . The relevant part of the quark pair creation term is through the dd(uū) creation for decay of the charmonium state, Ψ, to the final state
, this pair creation term is given as
where, M q is the constituent mass of the light quark, q = (u, d). The subscript q of the field operators in equation (7) refers to the fact that theq and q are the constituents of the D andD mesons with momenta p and p ′ respectively in the final state of the decay of the charmonium state, Ψ.
The charmonium state, Ψ with spin projection m, at rest is written as
where, i is the color index of the charm quark/antiquark operators, u r and v s are the two component spinors for the quark and antiquark. The expressions for a m (Ψ, k) are given in terms of the wave functions (assumed to be harmonic oscillator type) for the charmonium states [33, 39] .
The D(D + , D 0 ) andD(D − ,D 0 ) states, with finite momenta are contructed in terms of the constituent quark field operators obtained from the quark field operators of these mesons at rest through a Lorentz boosting [37] . These states, assuming harmonic oscillaotor wave functions, are explicitly given as
where, q = (d, u) for (D + , D − ) and (D 0 ,D 0 ) respectively.
In equations (9) to be inversely proportional to the quark (antiquark) mass [36] . The energies of the the light antiquark (quark) and heavy charm quark (antiquark), ω i = λ i m D (i = 1, 2), are assumed to be [33, 36 ]
where The reason for making this assumption comes from the example of hydrogen atom, which is the bound state of the proton and the electron. As the mass of proton is much larger as compared to the mass of the electron, the binding energy contribution from the electron is µ me × BE ≃ BE of hydrogen atom, and the contribution from the proton is µ mp × BE, which is negligible as compared to the total binding energy of hydrogen atom, since m p >> m e . With this assumption, the binding energies of the heavy-light mesons, e.g., D and (D) mesons [33] and, BB mesons [40] , mostly arise from the contribution from the light quark (antiquark).
To compute the decay width of the charmonium state, Ψ to DD, we evaluate the matrix element of the light quark-antiquark pair creation part of the Hamiltonian, between the initial charmonium state and the final state for the reaction Ψ → D(p) +D(p ′ ) as given by
where,
In the above, the parameters a Ψ , b Ψ and c Ψ are given in terms of R D and R Ψ , which are the strengths of the harmonic oscillator wave functions for the D(D) and the charmonium states, and F Ψ i (i = 0, 1, 2) are polynomials in |p|, the magnitude of the momentum of the outgoing D(D) meson [33] .
The expression of the decay width of the charmonium state, Ψ to DD, as calculated in the present model for composite hadrons, without accounting for the mixing effects, is given by
In the above, p 0 D(D) (|p|) = (m 2 D(D) + p 2 ) 1/2 , and, |p| is the magnitude of the momentum of the outgoing D(D) meson, and the expression for A Ψ (|p|) is given by equation (13) . The parameter, γ Ψ , in the expression for the charmonium decay width, is a measure of the coupling strength for the creation of the light quark antiquark pair, to produce the DD final state.
This parameter is adjusted to reproduce the vacuum decay widths of ψ(3770) to D + D − and D 0D0 [33] . The decay width of the charmonium state is observed to have the dependence on the magnitude of the 3-momentum of the produced D(D) meson, |p|, as a polynomial part multiplied by an exponential term. The medium modification of the charmonium decay width is studied due to the mass modifications of the charmonium state, the D andD mesons through |p|, which is given as,
The expression for the charmonium decay width given by equation (15) When we include the mixing effect, the expression for the decay width is given as
In the above, the first term corresponds to the transverse polarizations for the charmonium state, Ψ, whose masses remain unaffected by the mixing of the pseudoscalar and vector charmonium states. The second term in (17) corresponds to the longitudinal component of the charmonium state whose mass is modified due to mixing with the pseudoscalar meson in the presence of the magnetic field, as given by equation (6).
IV. RESULTS AND DISCUSSIONS
In the present work, the masses and the partial decay widths of the charmonium states to The effects of the mixing of the pseudoscalar and longitudinal vector mesons are taken into account, which are observed to lead to significant contributions to the charmonium masses.
These, as we shall see, have appreciable effects on the partial decay width of the ψ(3770) to DD at high magnetic fields.
The mass modifications of the pseudoscalar (η c ≡ η c (1S) and η ′ c ≡ η c (2S)) and the vector (J/ψ, ψ(2S) ≡ ψ(3686), ψ(1D) ≡ ψ(3770)) charmonium states, are investigated in the presence of magnetic fields. These masses are studied accounting for the the mixing of the pseudoscalar and vector mesons in the presence of magnetic fields, described by the effective interaction Lagrangian term given by equation (4) . For the charmonium states at rest, the mixing effect leads to a drop (increase) in the mass of the pseudoscalar meson (the longitudinal component of the vector charmonium state) as given by equation (6), and these are observed to be the dominant contributions to the charmonium masses.
The in-medium masses of the vector charmonium states (J/ψ, ψ(2S), ψ(1D)) have been studied from the medium change of the gluon condensate, using the leading order mass formula in Ref. [18] and using the chiral effective model in Refs. [13, 14, 24] using the QCD sum rule approach, and of 3 MeV calculated from η c -nucleon scattering length [41] .
In figure 1 , the effects of the magnetic field on the masses of the charmonium states are shown for the zero baryon density as well as for ρ B = ρ 0 in symmetric (η=0) nuclear matter. In panel (a), the masses of the pesudoscalar charmonium state, η c and the longitudinal component of J/ψ as modified due to the effect of mixing of these states, are shown as functions of eB/m 2 π . These masses are calculated by using the equation (6) . The parameter g P V ≡ g ηcJ/ψ is evaluated modification due to mixing is larger, for a smaller difference in the masses of the pseudoscalar and vector mesons. This is due to the fact that the mass squared for the pseudoscalar meson (longitudinal component of the vector meson), obtained from equation (6), is given as
by retaining terms upto the second order in eB and the leading order in (m V −m P ) (m V +m P ) [26] . As can be seen from equation (18) keV. Due to the smaller mass difference in the masses of the η ′ c and ψ(3770) in the magnetized nuclear matter, the mixing effects are observed to lead to larger shifts in the masses of these mesons at ρ 0 as compared to zero density. This is similar to the larger mass shifts of η ′ c and ψ(3686) due to the mixing effects, at ρ B = ρ 0 as compared to zero density. The mass of ψ(3770)
has dominant contribution at high magnetic fields due to the mixing effects, leading to its mass to be around 3724.7 and 3808.8 MeV for eB equal to 6 and 10 m 2 π . These may be compared to the zero magnetic field of 3635.7 MeV at ρ B = ρ 0 and η=0. This large shift in the mass of ψ(2770) leads to significant modification of the partial decay width of ψ(3770) to DD at high magnetic fields, as we shall discuss later.
The charmonium masses are plotted for asymmetric nuclear matter with η=0.5 in figure 2 .
The effects of the isospin asymmetry on the charmonium masses are observed to be small at the nuclear matter saturation density, as calculated within the chiral effective model. This, in turn, leads to small modifications to the charmonium masses in the isospin asymmetric matter (with η=0.5) as compared to the symmetric nuclear matter, in the presence of mixing effects.
For example, the masses of ψ(3686) and ψ(3770) at the nuclear matter saturation density, and for eB = 10m 2 π , are observed to be modified from 3650.57 and 3808.45 for symmetric nuclear matter to the values 3662.2 and 3821.4 for asymmetric nuclear matter with η=0.5. mesons. The matrix element for the calculation of the decay width is multiplied with a factor γ ψ , which gives the strength of the light quark pair creation leading to the decay of the charmonium state to DD in the magnetized hadronic medium [33] . The value of γ ψ to be 1.35, is chosen so as to reproduce the decay widths of ψ(3770) → D + D − and ψ(3770) → D 0D0 in vacuum, to be around 12 MeV and 16 MeV respectively [33] . The constituent quark masses for the light quarks (u and d) are taken to be 330 MeV and for the charm quark, the value is taken to be M c = 1600 MeV [33] .
The partial decay widths of ψ(3770) to DD, is calculated using a field theoretic model for composite hadrons as described in section III. These are plotted as functions of eB/m 2 π in figure 5 for ρ B = ρ 0 as well as zero density. In panel (a), for ρ B = 0, the partial decay widths of ψ(3770) to (I) D + D − , (II) D 0D0 , and the total of these two channels (I+II), without taking into account the pesudoscalar-vector meson mixing effects. The decay to the charged DD is observed to drop with increase in the magnetic field upto eB equal to 3m 2 π and vanishes at larger values of the magnetic field. This is due to the reason that the charged D andD The mixing of the pseudoscalar mesons, η c and η ′ c with the vector charmonium states, might show as peaks in the dilepton spectra due to 'anomalous' decay modes, e.g., η c , η ′ c → l + l − . The partial decay width of charmonium state to DD is computed using a field theoretical model for composite hadrons with quark (antiquark) constituents. The matrix element for the calculation of the decay width is calculated from the free Dirac Hamiltonian of the constituent quarks, using the explicit constructions of the charmonium state, the D and theD mesons. At ρ B =0 as well as at nuclear matter saturation density, the lowest charmonium state which can decay to DD is ψ(3770). Due to mixing with η ′ c in the presence of strong magnetic fields, the 
